We investigate the potential flaws of estimating animal home range using indexes based on distance between captures as proposed by Püttker et al. (2012, Journal of Mammalogy 93:115-123). Through simulated capture distributions we demonstrated that distance indexes are inherently correlated with home-range estimates derived from the same data set. We also arrived at a similar conclusion using a real capture data set from the spiny rat (Thrichomys pachyurus). However, distance indexes were not correlated to home range based on radiotelemetry for the same individuals of T. pachyurus. Our results strongly support that the conclusions presented by Püttker et al. (2012) were due to statistical dependence between correlated measures and that these indexes might not represent the biological phenomenon of interest-the home range.
The size and shape of an animal's home range are of major importance to understanding how individuals interact with their resources, conspecifics, and other species in the bi-or tridimensional space (Powell 2000) . Analytical approaches of ever-increasing sophistication have been proposed to estimate home-range size. However, most of them require many locations and make assumptions about the distribution or boundaries of the location coordinates (e.g., kernel, local convex hull [LoCoH] , harmonic mean, alpha-hull, and mechanistic models [see Powell 2000; Moorcroft et al. 2006; Getz et al. 2007; Kie et al. 2010] ).
In a recent study, Püttker et al. (2012) proposed the use of movement indexes as a home-range surrogate for small, rare, and short-lived species for which telemetry is unfeasible and information on movement usually depends on few recaptures. These considerations are warranted because researchers often face small sample sizes when trying to make conclusions regarding home-range patterns. However, small samples often prevent the use of modern and robust statistical methods. In some of these cases, movement indexes are a reasonable alternative for answering a variety of ecological questions. Püttker et al. (2012) attempt to validate the suitability of 3 movement indexes, previously used in other studies (Koeppl et al. 1977; Gaines and Johnson 1982; Slade and Swihart 1983; Swihart 1992; Slade and Russell 1998; Connor and Leopold 2001; Getz et al. 2005; Getz and McGuire 2008 ; for a detailed list of references see Püttker et al. [2012] ), by testing the correlation of these indexes with the minimum convex polygon (MCP) home range, all of which were estimated from the same mark-recapture data set.
Data independence is of the utmost importance in ecological studies (Hurlbert 1984) . Here, we specifically discuss the dependency between variables, rather than the classical lack of independence between samples within 1 variable. This latter case of dependency was, in our opinion, adequately addressed in Püttker et al. (2012) because only 1st individual monthly captures were used. This time lag is a reasonable way to achieve biological independence between capture locations. On the other hand, Püttker et al. (2012) attempted to validate indexes using dependent variables (2 variables generated from the same data set), when statistical validation of indexes should always rely on independent data sets to avoid flawed results and artificial relationships (Jennelle et al. 2002) . Here, we show that the conclusions of Püttker et al. (2012) are supported only by simple geometric correlations of metrics that are necessarily dependent on one another, thus making them unsuitable proxies for estimating individual home ranges. We support our argument by achieving, with randomly simulated data, results similar to those presented by Püttker et al. (2012) . Moreover, we present strong correlations between movement w w w . m a m m a l o g y . o r g 948 indexes and dependent estimates of home range with real mark-recapture data from a small mammal species, while reaching no correlation between these indexes and independent measures of home range from the same individuals.
MATERIALS AND METHODS
Using the same analytical framework of Püttker et al. (2012) , we simulated data with 3 distributions: bivariate uniform (ranging from À10 to 10), bivariate normal (X ¼ 0 and SD ¼ 5), and random-walk simulation (scale parameter for movement length ¼ 0.1, concentration parameter of turning angles ¼ 0.01, and number of steps ¼ 500). For each distribution, we simulated data sets for 100 individuals with 5 and 10 locations each (equivalent to captures)-a sample size similar to those presented by Püttker et al. (2012) . Locations of individuals were used to estimate MCP area (hereafter referred to as MCP.simulated) and 3 distance indexes were derived from each data set: mean distance between all capture points (AD), mean distance between successive captures (SD), and maximum distance among all capture points (ORL). We then tested for Pearson correlations between indexes and MCP.simulated. This process was repeated 1,000 times to estimate the mean and 95% confidence interval (95% CI) of Pearson's r calculated for the relationship between each movement index and home-range estimates for the same sets of captures.
We carried out a similar analysis with a real mark-recapture data set from a nocturnal and terrestrial small rodent-the spiny rat (Thrichomys pachyurus, 150-520 g). Spiny rats were captured monthly from June 2010 to May 2012 for 5 consecutive nights in a 200 3 240-m grid covering 4.8 ha in the Pantanal wetland of Brazil (18857 0 32 00 S, 56837 0 08 00 W). One hundred forty-three trapping stations were regularly spaced every 20 m, each station containing a Sherman trap of 30 3 8 3 9 cm or 43 3 12.5 3 14.5 cm (Metalúrgica Miranda, Nova Veneza, Santa Catarina, Brazil), alternately, and a Tomahawk trap of 45 3 16 3 15 cm (Tomahawk Live Trap Co., Hazelhurst, Wisconsin) placed on the ground, for a total trapping effort of 30,030 trap nights. Traps were baited with slices of banana covered with peanut butter. Captured animals were marked with a numbered ear tag, and 9 individuals (6 males and 3 females) were fitted with a radiocollar (model TXE-203C; Telenax, Playa del Carmen, Quintana Roo, Mexico). All trapping, handling, and tagging procedures followed guidelines of the American Society of Mammalogists for the use of wild mammals in research (Sikes et al. 2011 ) and were authorized under permit SISBIO23116-1 of the Brazilian environmental agency (Chico Mendes Institute for Biodiversity Conservation [ICMBio] ).
Radiocollared individuals were tracked monthly between April 2011 and April 2012 (median ¼ 10 days/month, range ¼ 3-26 days/month). Animals were located twice daily (1 location during the day and another at night); coordinates were measured as a relative position inside the trapping grid, using trapping stations as visual references. Location times were distributed throughout daytime hours.
We performed Pearson correlations between the 3 movement indexes (AD, SD, and ORL) and the MCP home-range estimates based on capture locations (hereafter referred to as MCP.capture), as done by Püttker et al. (2012) . We also calculated an independent estimate of MCP from radiotracking locations of the same individuals (hereafter referred to as MCP.telemetry). Only those individuals with 5 or more captures were used, and only the 1st capture of each month was considered (median ¼ 6 captures, range ¼ 5-13 captures, n ¼ 10 individuals) for MCP.capture estimates. Thus, we had roughly the same minimum sample sizes as did Püttker et al. (2012) . For MCP.telemetry, we used individuals that were tracked for at least 2 months (median ¼ 3 months, range ¼ 2-11 months) with 26 or more tracking locations (median ¼ 53 locations, range ¼ 26-151 locations, n ¼ 9 individuals) and had fulfilled our criterion of minimum sample size for capturerecapture home-range estimation (Table 1 ). The number of locations for different radiocollared individuals varied significantly; thus, only individuals for which data were sufficient for achieving area stabilization with increasing number of locations were used in the analyses (Fig. 1) . Simulations, index calculations, home-range estimations, and statistics were all performed in R 2.15 (R Development Core Team 2012). Random distributions were generated using the rnorm() and runif() functions from the ''base'' package; random-walk simulation was carried out using the simm.crw() function from the ''adehabitat'' package. No location data were omitted when estimating MCPs, and home-range area was calculated using the mcp.area() function from the ''adehabitatHR'' package.
RESULTS
We found strong correlations between MCP.simulated and the 3 movement indexes (AD, SD, and ORL) for all 3 simulated distributions (Fig. 2) . The Pearson's r 95% CI limits ranged from 0.76 to 0.93 for AD index, from 0.44 to 0.80 for SD index, and from 0.55 to 0.81 for ORL index, using 5 and 10 capture points (Figs. 1d, 2d, and 3d) . We also found strong correlations between spiny rat MCP.capture and the 3 indexes calculated from our real data set (AD index: r 8 ¼ 0.70, P ¼ 0.02; SD index: r 8 ¼ 0.71, P ¼ 0.02; and ORL index: r 8 ¼ 0.80, P , 0.001; Figs. 3a-c) .
However, we did not find any correlations between indexes based on capture location and MCP.telemetry of the same individuals (AD index: r 7 ¼ 0.27, P ¼ 0.49; SD index: r 7 ¼ 0.14, P ¼ 0.73; and ORL index: r 7 ¼ 0.38, P ¼ 0.32; Figs. 3d-f). Home-range estimates based on radiotracking calculated by MCP and 95% kernel for the 9 radiocollared individuals were highly correlated (r 10 ¼ 0.97, P , 0.001). Thus, we chose to use MCP as our home-range estimator rather than 95% kernel to keep our estimates comparable with those presented in Püttker et al. (2012) .
DISCUSSION
Sample size is important in index validation studies because it usually affects the functional relationship between the index and the parameter of interest. Therefore, one would expect an increase in the number of captures to strengthen the relationship between the movement index and the home-range estimates. However, we emphasize that this discussion focuses on circumstances involving small sample sizes (ranging from 5 to 20 captures). Whenever the sample is large, researchers must use home-range estimators and not proxies. Regardless, our simulations (not presented here) suggest that increasing the number of captures decreases the relational strength between the movement index and home-range estimates.
Our results provide strong evidence that the main conclusions presented by Püttker et al. (2012) could be misunderstood. Correlations of movement indexes with home-range estimates generated from the same data do not qualify the indexes as suitable for expressing home-range size. There are 2 main pitfalls in their reasoning that are shared with previous studies that use similar metrics (Koeppl et al. 1977; Gaines and Johnson 1982; Slade and Russell 1998; Getz and McGuire 2008) .
First and foremost, there is no evidence supporting the assumption that an MCP based on a small sample (5-10 recaptures) adequately represents an animal's actual home range. Examination of our spiny rat data suggested that an MCP estimated with 5-10 capture locations is a poor representation of the same home range estimated with radiotracking data (correlation of MCP.capture and MCP.telemetry resulted in r 8 ¼ 0.56, P ¼ 0.11). Although MCP.capture typically underestimates home-range size (median is one-third of the MCP.telemetry), we found both extreme under-and overestimates (ranging from 0.07 to 1.78 times the MCP.telemetry) when using few capture locations per individual. These results indicate that the reference measure of home range used by Püttker et al. is unsuitable to validate movement indexes.
The 2nd pitfall is that the calibration of a functional relationship between index and the biological phenomenon of interest must rely on an independent measure (Jennelle et al. 2002) . As shown by our simulation, highly correlated values of minimum convex polygons and movement indexes are geometrically expected by chance alone, and the strong correlations found in our dependent spiny rat measures   FIG. 2. -Correlation between minimum convex polygon (MCP.simulated) home-range estimates and movement indexes estimated from 3 simulated distributions: a) bivariate uniform distribution, b) bivariate normal distribution, and c) random-walk simulation, using 5 and 10 points. AD index ¼ mean distance between all capture points, SD index ¼ mean distance between successive captures, and ORL index ¼ maximum distance among all capture points. The Pearson's r mean and its 95% confidence interval for each index using 5 and 10 points were estimated using 1,000 runs. decayed when an independent estimate of home range was used. Indeed, this is reflected in figure 6 of Püttker et al. (2012:120) , in which the confidence intervals of small samples for any of the 3 movement indexes (AD, SD, and ORL) are very large. However, this error is not incorporated into the correlations, because both correlates came from the same data. Scattered locations will always generate high values of both correlates, whereas clumped locations result in low values.
Distance indexes have been rigorously tested and are often used to investigate ecological phenomena. For example, numerous studies have appropriately used these indexes as comparative tools to study movement rates (Slade and Swihart 1983; Conner and Leopold 2001; Getz et al. 2005) . Conversely, others have misinterpreted them as valid surrogates for home-range estimation (Gaines and Johnson 1982) . Worse yet, some have even tried to extrapolate distance metrics to estimate home-range size (Getz and McGuire 2008) , assuming a positive correlation but using flawed, dependent validations for their analysis, similar to the approach in Püttker et al. (2012) .
We are concerned that the validation provided by Püttker et al. (2012) may stimulate the inadequate use of movement measures as home-range indexes without regard for the shortcomings of this approach. Because the correlation used is not informative-actually, it is an unavoidable pattern that emerges from the strong dependency between variables-it is important to point out that conclusions drawn from such analyses cannot be extrapolated beyond the boundaries of these 2 variables. In other words, movement indexes are nothing more than proxies of the usually poor MCP estimates based on capture data of the same sample.
We acknowledge, though, that these metrics can be very useful for comparing movement rates among different places, times, individuals, or experimental treatments. Movement indexes benefit from their comparatively higher precision over a wide range of sample sizes, whereas almost all home-range estimators are strongly influenced by the number of locations. As long as such metrics are used to address questions regarding movement rates and not home range, movement indexes can provide better and more reliable conclusions than comparisons of nonstabilizing home-range estimates. Although the home range is an emergent property of the movement process, true home range is not necessarily correlated with movement indexes. Thus, we suggest the disentanglement of movement indexes from the home-range concept, because they measure related, but distinct, phenomena in different temporal and spatial scales.
Finally, we point out 3 considerations when using movement indexes. First, grid size is a major issue when estimating movement from capture data and these estimates should not be used for individuals captured at the edge of trapping grids because all movement outside the grid cannot be measured (Lira and Fernandez 2009) . Second, although radiotelemetry causes little restriction to animal movement, livetrapping is intrinsically an interception method thereby limiting animal movement. Captures occurring within a short interval (e.g., consecutive nights) might be artificially clustered, especially if the animal spent most of this interval in a trap. Thus, we recommend the data sampling methods used in Püttker et al. (2012) , in which only the 1st capture of each month is used to estimate the index values. Finally, as correctly pointed out by Püttker et al. (2012) , the high degree of uncertainty in movement estimates using , 10 captures per individual (see figure 6 from Püttker et al. [2012:120] ) also discourages the use of these indexes with very small samples.
RESUMO
Nós investigamos as potenciais falhas em estimar a área de vida de animais utilizandoíndices baseados na distância entre capturas propostos por Puttker et al. (2012, Journal of Mammalogy 93:115-123) . Através de distribuições espaciais de capturas simuladas, demonstramos queíndices de distância estão inerentemente correlacionados com as estimativas de área de vida produzidas pelo mesmo conjunto de capturas simuladas. Nós também obtivemos resultados similares usando um conjunto real de dados de captura-marcação-recaptura de punarés (Thrichomys pachyurus). No entanto, osíndices de distância entre capturas não foram correlacionados com as áreas de vidas estimadas usando informações providas por radiotelemetria para os mesmos indivíduos de T. pachyurus. Nossos resultados sugerem fortemente que as conclusões apresentadas por Puttker et al. (2012) foram devido a dependência estatística entre duas estimativas inerentemente correlacionadas, e queíndices de distância entre capturas podem não representar o fenômeno biológico de interesse-a área de vida.
